The acetylation state of histone is reversibly regulated by histone acetyltransferase (HAT) and deacetylase (HDAC). An imbalance of this reaction leads to an aberrant behavior of the cells in morphology, cell cycle, differentiation, and carcinogenesis. Recently, these key enzymes in the gene expression were cloned. They revealed a broad use of this modification, not only in histone, but also other proteins that involved transcription, nuclear transport, and cytoskeleton. These results suggest that HAT/HDAC takes charge of multiple-functions in the cell, not just the gene expression. HDAC is especially known to play an important role in carcinogenesis. The enzyme has been considered a target molecule for cancer therapy. The inhibition of HDAC activity by a specific inhibitor induces growth arrest, differentiation, and apoptosis of transformed or several cancer cells. Some of these inhibitors are in a clinical trial at phase I or phase II. The discovery and development of specific HDAC inhibitors are helpful for cancer therapy, and decipher the molecular mode of action for HDAC.
Introduction
DNA in eukaryotic cells exists in the form of nucleosome. Nucleosome bears an average of 150 base pairs of DNA that are wrapped around the nucleosomal core. The core consists of the histone octamer, H2A, H2B, H3, and H4, in the dimeric form (Kornberg et al, 1974; Kornberg et al, 1999 , Luger et al, 1997 . Histones bind to negative-charged DNA through the positive charge of lysine in the N-terminal tail of histones. The interaction between histones and DNA is mainly regulated by the modification of lysine. Among several modifications of histone, acetylation has been highlighted as one of the crucial events that are related to the transcriptional response of the cell. The acetylation of histone by HAT neutralizes the positive charge of lysine, which results in a decreased interaction between histone and DNA. This conformational change in chromatin activates the transcription by promoting the access of transcriptional machineries, such as RNA polymerase, transcription factor, and regulatory complexes to DNA. Reversibly, these events are restored when the histones are deacetylated by HDAC (Davie, 1998) (Fig. 1) .
Recent extensive studies on these two enzymes revealed that HDAC plays a key role in carcinogenesis, and the enzyme has been considered as one of the target molecules for cancer therapy. In addition to the transcriptional regulation in carcinogenesis, HDAC plays an important role in several interactions, such as protein-DNA interaction, protein-protein interaction, and protein stability by changing the acetylation state of proteins, including p53, transcription factor, and tubulin. From this point of view, the HDAC role in carcinogenesis and other cellular functions, as well as the current progress on the development of HDAC specific inhibitors, will be reviewed.
HAT/HDAC as Key Regulators in the Gene Expression of Eukaryotes
Reversible acetylation of histones is catalyzed by two key enzymes-histone acetyltransferase (HAT) and histone deacetylase (HDAC) (Fig. 1) . Currently, there are four groups of proteins with intrinsic HAT activity. They are as follows: GCN5 and P/CAF, which are related to the yeast HAT; the cyclic adenosine monophosphate response element-binding protein (CBP) and p300, which act as co-activators for a number of transcription factor complexes; TAF250, a part of the basic transcription complex TFIID that binds with the *To whom correspondence should be addressed. Tel: 82-2-3408-3640; Fax: 82-2-3408-3334 E-mail: kwonhj@sejong.ac.kr TATA box; and finally SRC-1 and ACTR, which are coactivators for the ligand-activated nuclear receptors Ogryzko et al., 1996; Mizzen et al., 1996; Spencer et al., 1997; Kouzarides, 1999) . Basically, all of these enzymes have covalent modification activity on lysine residue of histone. Also, eleven HDACs have been cloned from humans, and classified into two groups, based on their size and number of catalytic core domains. Class I is the yeast RPD3 homologous, HDAC1, 2, 3, and 8. Class II is the yeast HDA1 homologues, HDAC4, 5, 6, 7, 9, 10, and 11 (Marks et al., 2001) (Fig. 2) . Interestingly, Sir2 is identified as HDAC in yeast, and conserved in organisms that range from bacteria to humans. Unlike other HDACs, this enzyme requires nicotinamide-adenosine dinucleoside (NAD) as a co-factor (Lander et al., 2000) . A variety of isotypes, and an abundant amount of proteins in these enzymes imply, that these proteins take charge of pivotal roles in cellular functions (Hwang et al., 2000) . Because of its role in carcinogenesis, HDAC has been especially interesting. It has become a new and promising target of cancer therapy.
HDAC Complexes
One of interesting features of HDAC is that it requires several other components of multiprotein complexes to perform its cellular activities. In fact, HDAC has usually been found in large protein complexes. Two major HDACs that contain complexes are mSin3A and the nucleosome-remodeling histone deacetylase (NuRD) complex. HDAC1 and HDAC2 are associated with the two complexes in most of the mammalian cells. On the other hand, HDAC3 and the class II HDACs are not found in the mSin3A and NuRD complexes (Grozinger et al., 1999) . The mSin3A complex controls transcriptional repression by recruiting unliganded nuclear receptor proteins, like NcoR / SMRT or the Mad family of the basic helix-loophelix-zipper proteins (Alland et al., 1997; Heizel et al., 1997; Laherty et al., 1997; Nagy et al., 1997) . Other components of the mSin3A complex, except HDAC1 and HDAC2, are mSin3A, SAP18, Sap30, RbAp46, and RbAp48. The functions of mSin3A may act as a scaffold for the complex. SAP30 may HDAC 4, 5, 6, 7, 9, 10, and 11 . Interestingly, Sir2 is identified as HDAC in yeast and conserved in organisms, ranging from bacteria to humans. Unlike other HDACs, this enzyme requires the nicotinamide-adenosine dinucleoside (NAD) as a co-factor. be the target of the mSin3A complex to NcoR-associated repressors. RbAp46 and RbAp48 are histone-binding proteins (Ahringer, 2000) . The NuRD complex shares four components with the mSin3A complex (HDAC1, HDAC2, RbAp46, RbAp48) and additionally contains MTA1/MTA2, MBD3, and CHD3/CHD4. The NuRD complex is co-immunoprecipitated with HDAC1 by using the anti-HDAC2 peptide (Tong et al., 1998) . Tong et al. demonstrated that the NuRD complex mediates the ATP-dependent nucleasome remodeling and histone deacetylation in transcriptional regulation. Interestingly, the CHD3 and CHD4 proteins in the NuRD complex bear helicase/ATPase domains that are found in SWI/SNF chromatin remodeling factors (Tong et al., 1998) . In addition, MTA1 is overexpressed in metastatic carcinoma cells (Toh et al., 1998) . It is involved in the migration, invasion, and anchorageindependent survival of immortalized human keratinocytes (Mahoney et al., 2002) . These results suggest a crucial role of MTA1 in the HDAC complex for the HDAC function in carcinogenesis. Meanwhile, MBD3 is similar to MBD2, binding to methylated DNA with demethylase activity. MBD2 also binds to methylated DNA, suggesting that the NuRD complex might be involved in DNA methylation (Zhang et al., 1999) . Further identification and characterization of the new HDAC complex and its component will help to uncover the HDAC function in the cell.
HDAC Responsive Promoters and Interacting Factors
Although the eukaryotic chromosomal DNA is packed with histone, HDAC does not appear to universally control the transcription of all genes. The targeting of HDAC to the specific promoters might be mediated by either the direct interaction between HDAC and the HDAC recruiting factors, or by the interaction with other components of the HDACcontaining complex (Fig. 6 ). For instance, the transcriptional repression of Mad-Max requires the interaction of Mad with mSin3A and MTA1, interacting with HDAC1 in the NuRD complex blocks the ability of oestradiol to stimulate the ER-mediated transcription (Mazumdar et al., 2001) . HDAC complexes are recruited to specific chromosome sites to perform the repression of transcription. For instance, Yeast Rpd3, homologous to human HDAC1, and mammalian HDAC complexes interact with the DNA-binding transcription repressors, YY1 , Ume6 (Kadosh et al., 1997) , and Mad . The Rb-E2F complex that regulates the G1/S transition in the cell cycle is also known to associate with the HDAC activity (Luo et al., 1998) . Notably, the methyl-CpG-binding protein 2 (MeCP2) recruits the mSin3A complex, which couples the DNA methylation and histone deacetylation in gene silencing (Nan et al., 1998) .
In the case of class II HDACs, HDAC4 and HDAC5 are immunoprecipitated with the 14-3-3 protein, which indicates the shuttling ability of HDAC4/5 between the nucleus and the cytoplasm, depending on the phosphorylation (Grozinger et al., 2000) . HDAC4 associates with both NcoR and SMRT in a complex that does not contain mSin3A and HDAC1. In addition, HDAC5 is able to interact with MEF2A that controls myogenesis and represses its transcription activator activity (Lemercier et al., 2000) . Further studies on the HDACinteracting factors will decipher the molecular mechanism, which underlies the specificity of HDAC in the gene repression and phenotype determination of cells. In addition, the regulation of the HDAC complex formation might be a novel way to control the HDAC function in cells without affecting the enzymatic activity of HDAC (Fig. 5) . Furthermore, this approach will provide the specific regulation of the HDAC function in a specific HDAC complex . Recent reports demonstrate that the complex formation between HDAC and its co-repressors is essential for the maintenance of their transcription-regulating function. The disruption of the interaction between HDAC and its co-repressors was induced by the mutation of specific amino acids that are involved in the complex formation. Therefore, the discovery of a compound that will regulate the HDAC complex will be helpful for development of a novel HDAC inhibitor.
HDAC in Carcinogenesis and Angiogenesis
Extensive studies have shown that the change of the acetylation state of histone is correlated with dramatic biological consequences in the cell. An inappropriate acetylation state of histones causes abnormal outgrowth and the altered pattern of cell death, which leads to neoplasmic transformation (Marks et al., 1978) . For instance, the functional mutation in intrinsic HAT has been reported as a major cause of the Rubinstein Taybi syndrome that shows a high malignant frequency (Petrij et al., 1995) . Furthermore, HDACs are over-expressed in several tumor cells and tissues (Dhordain et al., 1998; Choi et al., 2001; Pandolfi et al., 2001) (Fig 3, A and B) . Notably, a few portions of the total genes are changed by abnormal HAT and HDAC, as described previously. In the neoplasmic state of the cell, the expression of the tumor suppressors, such as p53, p21, and gelsolin, are repressed (Hoshikawa et al., 1993; Van Lint C et al., 1996; Saito et al., 1999) ; whereas, the tumor activators, such as the hypoxia-induced factor-1 (HIF-1) and vascular endothelial growth factor (VEGF), are up-regulated . One of major causes of these abnormal gene expressions is attributable to the aberrant recruitment of HDAC. Therefore, the inhibition of HDAC activity, as well as the disruption of the HDAC complex, has been recognized as a potent strategy for cancer therapy. In fact, the inhibition of HDAC by HDAC specific inhibitors shows several changes, both at the molecular and cellular level. These include the acetylation state of histone, expression of some genes, as well as the morphology and proliferation of the cell. Hyperacetylated histones that are induced by the HDAC inhibitor change the chromatin structure and lead to the derepression of specific genes that were repressed by HDAC. The expression of these proteins induce growth arrest, detransformation of transformed cells to normal ones, and apoptotic cell death in a variety of transformed cells, as well as neuroblastoma, melanoma, and leukemia cells (Tsuji et al., 1976; Yoshida et al., 1990; Kijima et al., 1993; Newmark et al., 1994; Yoshida et al., 1995; Kwon et al., 1998; Glick et al., 1999; Qui et al., 1999; Lim et al., 2002) . In addition, HDACs are overexpressed under specific environmental conditions, such as hypoxia, hypoglycemia, and serum deprivation (Fig. 3, C) . Among these conditions, hypoxia is one of the key factors to trigger angiogenesis via the induction of angiogenic factors. Angiogenesis, a new blood vessel formation by endothelial cells, is controlled by oppositelyregulating factors that induce or suppress endothelial cell growth. The corruption of this balance is directly related to the outgrowth and spreading of cancer cells (Folkman et al., 1996) . We, as well as other groups, have shown that the gene expression regulation through the acetylation of histone is highly involved in the control of angiogenesis Deroanne et al., 2002) . We demonstrated that specific HDAC inhibitors, such as trichostatin A (TSA) and FK228, induce the expression of p53 and von Hippel-Lindau (VHL) under hypoxia conditions; whereas, they reduced the expression of HIF-1α and VEGF, which resulted in the inhibition of angiogenesis (Fig. 3, D) . Correspondingly, the over-expression of HDAC1 induced angiogenesis, both in vitro and in vivo, through the increased expression of VEGF, as well as the suppression of p53 and VHL. These results demonstrated that HDAC plays a significant role in the hypoxia-induced angiogenesis that is highly related to carcinogenesis.
Non-histone Proteins as New Substrates for HDAC
Following the characterization of the HDAC function in several biological systems (including carcinogenesis and angiogensis), other substrates of HDAC, besides histone, have gathered interest. Until recently, a number of non-histone proteins were revealed to have acetylation modification. These are transcription factors, such as p53, E2F, transcription factor II E beta (TFIIEβ), T-cell transcription factor (TCF), GATA, and nuclear receptor co-activator ACTR (activin receptor) (Gu et al., 1997; Imfor et al., 1997; Munshi et al., 1998; Zhang et al., 1998; Chen et al., 1999; Marzio et al., 2000) and cytosolic proteins, such as tubulin and importin (Sterner et al., 1979; Bannister et al., 2000; Grozinger et al., 2000; Hubbert et al., 2002) . The biological consequence of reversible acetylation in these proteins appears to be determined by the location where the acetylation of the protein occurs. For instance, the acetylation modification of DNA-binding transcription factors, such as p53, E2F1, and GATA, results in increased DNA binding for these proteins. Interestingly, however, the binding of TCF with its co-activator, armadillo, is disrupted by the acetylation of TCF. It is also noteworthy that acetylated E2F1 and tubulin show a longer half-life than that of the nonacetylated form (Takemura et al., 1992; Martinez-Balbas et al., 2000) . In addition, the acetylation of importin is involved in the shuttling of the protein from the cytoplasm to the nucleus. All of these results demonstrate that reversible acetylation/deacetylation may occur in a variety of proteins in the cell. Also, HDAC is involved in multiple functions for cellular phenotype, including the binding of protein with DNA, protein-protein interaction, protein stability, and translocation of the protein.
HDAC Structure and Binding Mode of HDAC Inhibitor
Recently, the Pavletich group determined the X-ray crystal structure of the HDAC catalytic domain (Finnin et al., 1999) . An approximately 390-amino acid region that forms the core of the catalytic domain in the hyperthermophilic bacterium Aquifex aeolicus was used for crystallization, since the domain is commonly shared from bacteria to humans. The identification of the X-ray crystal structure of HDAC catalytic domain provided the molecular mode of action of HDAC and rationale for the development of more potent HDAC specific inhibitors. The result showed that the catalytic domain of HDAC consisted of a tubular pocket, a zinc-binding site, and two asparagines-histidine charge-relay systems. It was speculated from this enzyme-inhibitor binding structure that TSA-like inhibitors block the HDAC activity through the chelation of zinc ion using the polar group, such as hydroxamic acid or benzamide group at the end of the hydrophobic spacer.
HDAC Inhibitors and Their Role in HDAC Biology and Cancer Therapy
The HDAC inhibitors play significant roles in the functional study of HDAC. Interestingly, none of these compounds were originally discovered for their ability to inhibit HDAC activity; rather, they were discovered on the basis of their phenotype activity on transformed cells. For example, TSA, a well-known HDAC inhibitor, was originally isolated as an antifungal agent. However, Yoshida et al. discovered the compound as a potent anticancer agent that induces differentiation of murine erythroleukemia cells, and identified HDAC as a molecular target (Yoshida et al., 1995) . Likewise, FK228 (formerly depsipeptide or FK901228) and depudecin, were isolated from a screening project for agents that revert the malignant phenotype of H-ras-transformed NIH3T3 cells to normal ones, and identified HDAC as their target (Sugita et al., 1992; Ueda et al., 1994; Kwon et al., 1998) . These interesting features in the discovery of HDAC inhibitors have made them one of the best examples for chemical genetics that utilize biologically-active chemicals as probes for functional studies of target genes. Several types of HDAC inhibitors with different chemical structures have been extensively developed from nature and chemical synthesis, based on known HDAC inhibitors and protein structures. These inhibitors are able to divide into 4 classes, based on their functional group for inhibiting HDAC activity and chemical structures (Fig. 4) . The first class is the short-chain fatty acids, such as butyrate and phenylbutyrate that are currently used in clinics. But, they are not ideal clinical drugs because of the high concentration (milli-molar) requirement for the inhibition of HDAC (Newmark et al., 1994; Carducci et al., 1997) . Next are the aliphatic compounds that have hydroxamic acid, such as TSA, suberolyanilide hydroxamic acid (SAHA), and oxamflatin. This compound class is considered to exhibit their inhibiting activity by chelating the zinc ion at the catalytic site of HDAC, as previously described. In the case of SAHA, the chemical structure is basically similar to TSA, but differs in that it was generated from chemical synthesis. Although SAHA shows weaker inhibitory activity for HDAC than TSA, it is effective for the inhibition of tumor growth, both in vitro and in vivo, at the micromolar concentration (Richon et al., 1998; Glick et al., 1999; Butler et al., 2000) . Furthermore, SAHA reduced tumor volume by 78%, and showed no side effects in animal studies. This makes it one of the promising HDAC inhibitors as an antitumor drug . The third class is the cyclic tetrapeptide compounds that have epoxy ketone or sulfohydryl group as a functional group. Trapoxin (TPX) and FK228 fall into this class (Kijima et al., 1993; Ueda et al., 1994) . The epoxy ketone moiety of TPX forms an irreversible complex with the nucleophilic amino acid residue in the catalytic pocket of HDAC. This property of the compound was used in the affinity-matrix-based purification of HDAC (Taunton et al., 1996) . Notably, FK228 is a clinically important HDAC inhibitor. FK228 has a unique structure with cyclic peptide that has a disulfide bridge structure in the molecule. Interestingly, Furumai et al. reported recently that the disulfide bond can be reduced in the cell by the cellular reducing agent, such as glutathione, then the reduced FK228 effectively inhibits the HDAC activity without losing its inhibitory activity before binding with HDAC (Furumai et al., 2002) . Therefore, FK228 is a kind of natural prodrug that provides a new insight for developing HDAC inhibitors as anti-cancer agents. Another interesting compound is CHAP31. It is one of the synthetic cyclic peptide compounds that have a hybrid chemical structure of both TSA and TPX. This compound has tetracyclic peptide, like TPX, but the functional group of TPX, epoxyketone, was replaced with hydroxamic acid from TSA. The final class is the benzamidebearing compounds, such as MS-27-275 and CI-994 (Saito et al., 1999; Prakash et al., 2001) . Interestingly, MS-27-275 showed strong antitumor activity with low toxicity in nude mice, and is under the Phase I clinical trial. Among several HDAC specific inhibitors from nature and synthetic sources, phenylbutyrate and valproic acid (short chain fatty acids), , SAHA (hydroxamic acid) and FK228 (cyclic peptide), are currently in clinical development. These agents are undergoing the Phase I or Phase II evaluations, both along and in combination with cytotoxic or differentiation inducing agents, which supports the crucial role of HDAC in carcinogenesis. Although several structurally-unrelated HDAC inhibitors have been developed, there have been no studies on the inhibitor that specifically inhibits HDAC isotypes. Given the number and tissue specific expression of HDAC in humans, HDAC inhibitors with isotype specific inhibitory activity will be required for a better understanding of the HDAC function and the development of HDAC inhibitor cancer therapy. Recently, the Schreiber and Jung group reported a generation of chemical libraries that target the isotype specific inhibition of HDAC (Sternson et al., 2001; Wittich et al., 2002) . It is also noteworthy that FK228 showed a more specific inhibition on the class I HDAC activity than that of the class II HDAC (Furumai et al., 2002) . Since the amino acid resides around the rim of the catalytic pocket in HDAC differ from classes I and II, the isotypespecific-HDAC inhibitors can be developed from the compounds that have a high affinity with the amino acids at the rim. These isotype-specific-HDAC inhibitors will provide more selective and lower toxic agents for the HDAC inhibitor cancer therapy. In addition, these inhibitors will be useful tools for the chemical genetic study of the HDAC isotype, as shown in the case of other HDAC inhibitors as well as the Sir2 specific inhibitor that was recently developed (Bernstein et al., 2000) .
Another possible challenge is to develop the compound that inhibits the formation of the HDAC-complex, but not the HDAC activity (Fig. 5) . Recently, Pflum et al. reported that the highly charged-carboxyl-terminal region of HDAC is essential for HDAC activity. The mutation of S421 and S423 to alanine, or the disruption of the caseine kinase 2 (CK2), abolishes the phosphorylation of serine residues in the carboxyl terminus of HDAC, which results in decreased HDAC activity and complex formation with MTA1, a component of the NuRD complex. In addition, Galasinski et al. reported that the disruption of the phosphorylation affects the complex formation in all type of co-repressors. The interaction between HDAC1 and the co-repressors, mSin3A and YY1, was affected by the phosphorylation of HDAC1, but not between HDAC and RbAp46/48. These results suggest the significant role of the HDAC complex formation in the HDAC function. The discovery of an inhibitor that disrupts the interaction between HDAC and the specific interacting protein will be another challenge for targeting the HDAC function. It will also provide new tools to elucidate the role of the HDAC complex in the cell.
Concluding Remarks
Despite the early perception of the significance of the reversible acetylation modification on histone, most of the major progress in this event began with the isolation of the specific HDAC inhibitors and the cloning of the enzymes. To date, eleven HDAC isotypes have been identified from humans, and the biological role of HDAC in several cellular functions (including cancer) has been revealed, as described previously. As result, HDAC is recognized as one of the promising targets for the development of anticancer drugs. However, there are still many uncovered mysteries of the HDAC function, such as the regulation mechanism of the specific gene expression and the recruiting factors for the HDAC complex to the specific chromosome region to confer HDAC activity. In addition, the HDAC role in several interactions (such as protein-DNA interaction, protein-protein interaction, and protein stability) will be another significant issue to be elucidated (Fig. 6 ). Novel HDAC inhibitors that have properties of the isotype specific inhibition or blocking-HDAC complex will be powerful tools for this purpose, the same as conventional HDAC inhibitors have done for the study of HDAC. In conclusion, HDAC is a crucial factor in carcinogenesis, as well as a promising target for the development of anticancer drugs and therapies. Fig. 6 . Model of HDAC function in cells. The HDAC complex is recruited by specific recruiting factors into a specific promoter. The aberrant recruitment of the HDAC complex that represses the transcription of specific genes, such as the tumor suppressor, leads to the occurrence of carcinogenesis and angiogenesis. In addition to the transcriptional regulation, HDAC plays an important role in several interactions (such as protein-DNA interaction, protein-protein interaction, and protein stability) by changing the acetylation status of the proteins.
